Abstract. The shear modulus of electrodeposited amorphous Co-P was measured via torsional vibrations at about 0.5 MHz after pre-annealing the samples for 20 h at 200 O C . Besides the isostructural, instantaneous change a relaxation of G was observed, which is caused by reversible structural relaxation of the material. During isothermal treatment after a change of the temperature G tends non-monotonically to the new temperature-dependent pseudoequilibrium. This means that at least two types of elementary processes with different kinetics govern the process. Following a concept proposed to explain the relaxation of defect concentrations in crystalline gold the observations presented in this paper are qualitatively described by the alternate play of production and annihilation of single, di-and tri-vacancies.
Introduction
Irreversible structural relaxation of glassy metals is a well known phenomenon. Moreover, sometimes a smaller reversible change of structure-sensitive properties was observed, e.g. of magnetic (Greer and b a k e 1979 , Egami 1978 , Greer and Spaepen 1981 , Chambron and Chamberod 1980 , Guo et a1 1985 , thermal (Chen 1981 , Herlach et a1 1986 , electrical (Cost and Stanley 1981, Mulder et a1 1981) and elastic and anelastic properties (Kursumovic et a1 1980 , Scott and Kursumovic 1981 , Morito and Egami 1984 , Allia et a1 1985 . Most of the materials investigated contained more than two components and at least two metallic ones. Some work has been done to demonstrate that reversible relaxation should be attributed to the mutual reordering of different kinds of metal atoms or, in other words, to chemical short-range ordering (CSRO) (e.g. van den Beukel et a1 1984) .
This explanation is dubious with regard to two-component transition-metal-metalloid alloys. In a previous paper (Frechen and Dietz 1984a) we reported on a crossover effect observed in electrodeposited Fe-P and Co-P. At that time it was impossible to separate the reversible change of the elastic moduli from the irreversible contribution because of the relatively long time needed to stabilise the temperature. With an improved experimental procedure we now attain a time resolution of some seconds which is high enough to detect the small reversible relaxation of the shear modulus G in electrodeposited Co-P and to resolve even fine structures of isothermal changes of G. To our knowledge this is the first time that reversible relaxation of an elastic modulus has been detected in a two-component TM-M alloy. Chemical ordering as a driving force for this effect is out of the question. Instead of this a concept including vacancy-like defects is proposed.
Experiment
C O I W~P~ samples were prepared by electrodeposition on copper tubes (Brenner et a1 1950) . The substrates were chemically dissolved. The tube-shaped samples used in the measurements were about 22 mm long, 0.08 mm thick and had inner diameters of 7.6 mm. Their amorphous state was verified by coercivity measurements (Dietz et a1 1977) . They were excited to torsional eigenvibrations of sixth to eighth order at frequencies around 0.5 MHz via magnetostriction using a previously reported technique (Frechen and Dietz 1984b) . Torsional vibrations of tubes are easier to handle than other modes because mode coupling may be disregarded. Moreover, shear deformation is more sensitive to structural defects than compression and dilatation are.
The shear modulus G results from the resonance frequency Am, the order of the harmonic n, the length of the sample 1 and its mechanical density p. The accuracy of the computed values was limited to f 0.6% mainly due to the uncertainty in the determination ofp, whereas the fractional changes AG/G were within f As will be shown below, the reversible, fractional change of G per degree due to structural changes is about one order of magnitude smaller than the reversible isostructural change (about 4.5 x K-' (Frechen and Dietz 1984a) ). Measuring fies in all cases at the same reference temperature, namely 294 f 0.1 K, we eliminated the temperature dependence of G. Thermal treatment was performed in an oil bath whose temperature could be stabilised over several hours to f 0.5 "C between 100 and 200 "C. Because of the small heat capacities of the samples, heating starting from room temperature takes only some milliseconds. After certain times, according to the chosen program, annealing was interrupted and the sample quenched in water at lo4 K s-'. So the structural state attained during thermal treatment was frozen in and the corresponding room temperature value of G could be measured in succeeding states of the material. The effects of the rapid heating and the cooling periods and of the annealing for half an hour at room temperature during the measurements of G could be neglected.
To eliminate the effect of irreversible structural relaxation the samples were preannealed for at least 20 h at 200 "C. The following thermal treatments were performed at lower temperatures or for substantially shorter periods.
Results and discussion
3.1. The demonstration of reversible relaxation 3. I . I. Cyclic isothermal treatment. Figure 1 explains the applied thermal cycle schematically. It started with annealing for 2 h at 180 "C to establish a reference state and to fix a corresponding reference value of G. Then the sample was held for 270 h at 120 "C, (2-3), sometimes interrupted for about 30 min to measure G at room temperature. Subsequently it was rapidly heated to 180 OC (3-4). After 3 h at this temperature (4-11, G had reached its original value. Figure 2 presents the change of the room temperature value of G during the isothermal treatments at 120 "C and 180 OC. The experiment shows that the pseudo-equilibrium to which the material relaxes depends only on temperature.
Isochronal treatment.
A second proof of the reversibility of the changes of G was derived from a kind of isochronal treatment. As illustrated in figure 3, a reference state was produced by annealing at 200 "C for 0.5 h. This state was frozen in and then the sample 
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annealing was again insufficient to establish thermal equilibrium. Now the shear moduli are higher than those during procedure A because the material started relaxation at states corresponding to temperatures considerably lower than 200 "C. The behaviour demonstrated by figure 4 is another proof of the reversibility of the phenomenon. Assuming a linear dependence between 150 and 200 "C we estimate a relative change of G due to reversible variation of the structural equilibrium of 2.8 x K-' (k 20%). These results are independent of composition in the range under investigation (12-22 at.% P). The equilibrium parts of all the curves in figure 5 coincide above 150 "C within the experimental error. The somewhat greater scattering at lower temperatures may be due to the fact that the kinetics of relaxation are not exactly the same in all samples on account of different microstructures which depend on preparation conditions and composition (Sonnberger et a1 1984) .
The kinetics of the reversible relaxation of G
To investigate the kinetics of the reversible relaxation of G isotherms were detected at several temperatures in the following way. At first a well defined initial structural state was established by pre-annealing the samples for 0.5 h at 200 "C which is sufficient to achieve the corresponding equilibrium state (see above). Thereafter the sample was held at 120 "C for 48 h. According to figure 2 the 120 "C equilibrium is not totally reached during this time, but we took care that all isothermal treatments in this experiment began with the structural state so produced. Thereafter the isothermal change of G was detected at 140 "C. Subsequently the procedure was repeated but the isotherm was taken at 160 OC. The third step yielded the isotherm at 180 "C. Figure 6 indicates that equilibrium is approached via at least two different processes. The minimum of G is passed after 2-10 min, depending on temperature. As expected the equilibrium value is below the initial one and is nearly reached after several hours. Before starting an isotherm the sample was held for 48 h at 120 "C. In a second series the samples were annealed at 200 OC for 0.5 h before taking an isotherm at a lower temperature. The observed behaviour, figure 7, is even more complicated than that depicted in figure 6 . The oscillations of G in time are at the limit of experimental resolution but they were reproduced in all isothermal treatments performed on any amorphous CO-P alloy in the manner just described. The course of a curve is determined by the relaxation times and the relaxation amplitudes of the contributing processes. The relaxation times are shorter the higher the temperature but the relaxation amplitudes are smaller. Therefore the 140 O C isotherm shows a kind of crossover effect. 
In this way the effect of the differing relaxation amplitudes is eliminated and the sequence of the curves is clearly correlated with the annealing temperature.
Comparing the curves in figures 6 and 8 we have to conclude that the shapes of the curves and the different time scales cannot be explained by a simple reversion of the underlying processes. 
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Figure9. The fractional change of the room temperature value of G due to isothermal treatment at 180 "C in different structural states after pre-annealing at 120 O C . A, starting from the as-prepared state (at the end the sample had been annealed for 2 h at 180 "C); B, the following second run; C, the third run after another annealing for 20 h at 200 'C
The effect of the degree of irreversible structural relaxation on the reversible aftereffect of G
To investigate the influence of the structural state of the material on the elastic after-effect we heated a sample from the as-prepared state to 120 "C, annealed for 2 h and detected an isotherm at 180 "C for 2 h (curve A in figure 9 ). Thereafter the same sample was cooled to 120 "C and pre-annealed at this temperature again for 2 h. The following isotherm at 180 "C is curve B in figure 9 . In both cases two competing processes are superimposed: the rapid decrease of G due to the reversible contribution to relaxation and the slower increase due to irreversible structural relaxation (Frechen and Dietz 1984a) . Both reversible and irreversible relaxation are retarded in the second run. This tendency is continued with curve C which is taken after relaxation for 20 h at 200 "C. Irreversible structural relaxation is accompanied by an annihilation of excess free volume (e.g. Dietz and Huller 1982) . According to figure 9, free volume supports the microscopic processes which are responsible for the reversible relaxation of G and even the amplitude of this effect seems to be larger the more free volume is present. Therefore we may conclude that reversible relaxation is connected with a diffusion process. It is known that diffusion is impeded the further the irreversible relaxation has proceeded.
Some models describing relaxation effects in amorphous alloys
We have to look for a model which describes the non-monotonic run of the isotherms in figures 6-8. Then we have to check how far this model fits the other results mentioned above. The superposition of reversible and irreversible relaxation causing non-monotonic isothermal changes of physical properties is well known as the crossover effect. Gibbs et a1 (1 983) do not distinguish in principle between reversible and irreversible processes. The activation energies are continuously distributed and the effective activation energy spectrum (AES) depends on thermal pre-treatment and on temperature. In this model the effect of annealing is described by a shift of the AES -especially of its lower limit -without respect to the microscopic nature of the relaxing processes. To apply this concept to our observations (figures 6 and 8) we have to assume a split partial AES for the reversible relaxing defects according to the conclusion that there are at least two different types of processes working to establish thermal equilibrium.
Other authors attributed reversible relaxation to chemical short-range ordering (CSRO) (van den Beukel et a1 1984) . This may be reasonable for amorphous alloys containing at least two metallic components regarding a temperature-dependent miscibility of the components. But these processes should be homogeneous. They cannot produce such complicated runs of the isotherms as in figures 6-8 and they should not occur in materials with only one metallic component. Moreover, the phosphorus alloys of iron, cobalt and nickel tend to irreversible decomposition (Sonnberger et a1 1984) which rules out the possibility of reversible mixing and demixing. Modified two-level models assuming reversible changes of the energy levels (Morito and Egami 1984) and other homogeneous models are also unsuited to reproduce our experimental results.
. I . Vacancy-like defects in amorphous alloys
Spaepen et a1 (1978) named every deviation from the ideal amorphous structure a defect but they denied the existence of localised vacancy-like defects in glassy metals, as do Bennett et a1 (1979) . According to van den Beukel et a1 (1984) free volume should be concentrated in delocalised vacancies. This concept is supported by computer simulations performed by Egami er a1 (1980) who assumed compressed and dilated regions as defects. On the other hand, Chaudhari (1980) stated that localised vacancies may be stable in amorphous metals provided covalent bonds are present. The assumption of defects of this kind facilitates the discussion of diffusion phenomena (Limoge et a1 1983) . From such experiments Limoge er a1 derived the volume of one vacancy to be 0.5 atomic volumes. Regarding the reduced shear stiffness of the glassy material, it is plausible that this value is smaller than that of a vacancy in a FCC metal which Wollenberger (1983) estimated to be 0.8 atomic volumes.
Direct evidence for localised vacancy-like defects in amorphous alloys comes from positron annihilation experiments. So Moser et a1 (1982) showed that FeBOBZ0 and Felo Ni40 P14 B6 exhibit defect structures similar to that observed on crystalline samples but with somewhat smaller diameters of the vacancies. Schmidt et a1 (1982) found two different lifetimes for positrons in glassy Ni-P, namely 51 = 140-160 ps and t2 zz 370 ps. The lower value is somewhat smaller than that found in crystalline nickel for single vacancies. The higher value was attributed to inhomogeneities in the material, but corresponding to results obtained on crystalline aluminium and molybdenum (Nieminen and Manninen 1979) vacancy clusters may be responsible for the lifetime of 370 ps in amorphous Ni-P. In electrodeposited Coloo-xPx (17.5 < x < 30) only one positron lifetime of 160 ps was detected and attributed to single vacancies (Pareja er a1 1984) . This value was independent of composition and of the relaxation state. As these experiments are performed at room temperature and the formation energy of vacancy clusters is relatively high it is expected that their concentration was too small to be detected.
To summarise: positron annihilation experiments have proved the existence of local single vacancies in amorphous alloys and they do not exclude the existence of vacancy clusters. In the following it will be shown that the reversible relaxation phenoma reported above can be attributed to vacancies and vacancy clusters. Robrock and Schilling (1976) discussed some mechanisms including effects of defects on elastic properties. In all cases the concentration of the defects determines the magnitude of their effect. Thus an increase of the concentration CI of single vacancies of 1% induces in crystalline material a fractional decrease of G of 1-2% (Folweiler and Brotzen 1959 , Grinik and Karasev 1983 , Dederichs et a1 1975 :
. 2 . The effect of vacancies on the elastic properties
CI is the concentration of the single vacancies per atom. Now we try a crude estimation of a, for our amorphous samples. For this purpose we have to compare the measured AG/G with a reasonably estimated AC,. To simplify only single vacancies shall take mentioned above each additional vacancy increases the volume of the material atomic volumes. Therefore
All1 is the isotropic fractional change in length connected with the volume change due to the alteration of the concentration of the vacancies. A previous paper presents results concerning the irreversible shrinkage of Co-P (Dietz and Huller 1982) . In this case reversible contractions or dilatations should have been larger than about 5 x to be observable under the experimental conditions then holding. So with equation ( 2 ) it follows that the vacancy concentration increases by at most 3 x on heating from 100-200 OC. Because of the exponential dependence on temperature this value is nearly in accordance with the vacancy concentration at 200 "C. The corresponding reversible fractional decrease of G was determined to 2.8 x Hence with equation (1) a l z 9 . This value is larger than that for crystalline material. This may be attributed to the fact that due to the greater viscosity of the amorphous material the strain field around a vacancy is wider resulting in a larger effect on G.
The vacancy concept and the reversible relaxation of G
The excess concentration of defects in a quenched material is diminished in time by rather complicated processes including clustering of vacancies (Chik 1970) . Meshii et a1 (1962) described their observations on gold with a simplified model supported by computer simulations. They supposed that the excess concentration is reduced by migration of defects to sinks, which are assumed not to saturate, or by agglomeration to di-and trivacancies. These may dissolve again or may also migrate to sinks. Since the formation of a di-vacancy is an exothermal process in FCC metals it is favoured compared with the separation of a di-vacancy into two single vacancies. Moreover, the mobility of the divacancies is greater than that of single vacancies.
Thus in such a material the excess concentration of the defects is reduced in the following way: C1 decreases monotonically in time whereas the concentrations CZ and C3 of the di-and the tri-clusters increase at first and after passing maxima they decrease faster than C1. According to the coupling between the different defects and the shear stiffness the shear modulus will undergo some oscillations in the time.
Simplifying we assume the same coupling constant a2 for di-and tri-vacancies and connect the observable change AG/G with the changes in the concentrations by the concentration of defects is established via different, partly competing processes. It may be that after rapid heating from 120 "C to one of the higher temperatures at first the production of single vacancies reduces G. Some of them agglomerate to multiple vacancies producing a concentration above the equilibrium. Its reduction causes the transitory increase of G. Finally a dynamic equilibrium is reached between the production of single and multiple vacancies and their annihilation.
In the framework of this concept the difference in the time scales of figure 6 and figure 7 is plausible. The increase of the defect concentration on heating, figure 6, comes from a spontaneous formation process, whereas its decrease after cooling, figures 7, 8 and 11, is diffusion controlled. It is known that the formation energy of defects is smaller than their migration energy.
Comparison of the isochronal and the isothermal experiments
This comparison illustrates the complexity of the formation of thermal equilibrium. The isochronal treatment, figures 3, 4 and 5 , starts with the high defect concentration corresponding to the equilibrium at 200 "C. During the subsequent stepwise annealing it reduces to the lower values of the lower temperatures. Obviously this occurs faster than the isothermal approach in figures 6, 7, 8 and 11. This result induces the idea that the microscopic processes responsible for reversible relaxation interdepend. Therefore they are not simply additive. Additivity means, according to Christian (19751, than an increase of temperature during a thermal treatment only accelerates the processes but does not change the character of the kinetics. Examples for non-additive processes are phase transformation in solids based on formation and growth of nuclei. The nucleation rate depends on the degree of supersaturation and increases with decreasing temperature whereas the growth rate of the nuclei decreases. Due to these competing tendencies the reaction rate may be lowered if the temperature is raised. Transformations of this kind are additive only if the concentration of the nuclei is independent of temperature.
The decomposition of excess defect concentrations is also governed by at least two competing processes. The formation of multiple vacancies due to clustering is diffusion controlled. Their concentration relative to that of single vacancies increases with decreasing temperature (Balluffi et a1 1970) . The effect opposing the formation of clusters is the annihilation of defects of all kinds in sinks. As the interdependence of single vacancies and clusters varies with temperature the establishment of thermal equilibrium is a non-additive process. As a consequence the kinetics of the correlated reversible relaxation of G changes with temperature. Therefore results obtained in different experimental procedures (e.g. isochronal and isothermal treatments) cannot be compared without further considerations. On the same grounds it is impossible to derive activation energies on the basis of isotherms detected at different temperatures as is usually done for additive processes.
Conclusions
The reversible variations of the shear modulus G of fully relaxed amorphous Coloo-xPx with temperature include two components: a quick isostructural change and another which is attributed to reversible structural relaxation with time constants between some seconds and some hours. The total changes of G between 100 and 200 "C due to this effect are smaller by a factor of 20-30 than those connected with irreversible relaxation in the same temperature region. Obviously there are pseud0:equilibrtium values of G depending only on temperature. They are correlated with equilibrium concentrations of vacancy-like defects in the amorphous material. In thermal equilibrium only single vacancies should be present whereas during transition periods di-and tri-vacancies may also exist. Due to interactions and mutual conversions between the different types of vacancies the elementary processes promoting the approach to equilibrium are not simply additive. As a consequence G changes non-monotonically from one equilibrium concentration to the other and the differences in the time constants of enlargement and reduction of defect concentrations are plausible.
It is impossible to derive more concrete information concerning the nature of the defects from measurements of the shear modulus alone. In another paper (Dietz et a1 1986) some arguments are compiled which support the assumption that a single vacancy in a glassy transition metal-metalloid alloy means the lack of one metal atom in the first coordination shell of a metalloid atom. This will be further confirmed in a following paper.
